Activation of connective tissue mast cells (CTMCs) causes the release of numerous mediators, resulting in vascular changes and the recruitment and activation of other immune cell types (Galli and Austen, 1989; Stevens and Austen, 1989; Galli, 1990) . CTMCs are often associated with nerve bundles, and several reports suggest that mast cells can be activated by neurocrine mechanisms (see Stead et al., 1987a Stead et al., , 1990b , although there are contradictory findings regarding the effects of nerve stimulation on mast cell activation (Kowalski and Kaliner, 1988; Dimitriadou et al., 1990; Kiernan, 1990; Kowalski et al., 1990) . Nevertheless, the concept of neurogenic inflammation can be partly explained by the action of released neuropeptides on CTMCs (Foreman and Jordan, 1984) .
Evidence is also accruing for interactions between nerves and intestinal mucosal mast cells (IMMCs), which are phenotypitally and pharmacologically different from classical CTMCs (see Stead et al., 1990b) . We and others have documented an intimate and extensive association of IMMCs with mucosal nerves in several species (Newson et al., 1983; Seelig et al., 1985; Yonei et al., 1985; Stead et al., 1987b Stead et al., , 1989 Stead et al., , 1990a Yonei, 1987; Arizono et al., 1990) . There is also evidence that the release of an IMMC-specific protease, rat mast cell protease II (RMCP II), can be psychologically conditioned using an audiovisual cue paired with antigenic challenge (MacQueen et al., 1989) .
In a recent study on surgically resected human appendices, we determined a significant correlation between mast cell and nerve densities in the lamina propria of relatively normal specimens (Stead et al., 1990a) . Furthermore, in samples exhibiting minimal fibrosis, both mucosal mast cell and nerve densities were increased, and in specimens with extensive fibrosis these were both reduced. The proposition that there might be coordinated changes in the densities of mast cells and nerves has broad implications and suggests that more mast cells should be Lewis rats (male, 1 W-200 pm) were infected with Nh at d0 and killed at the above times. n represents the number of animals killed at each time point for that experiment. y Noninfected control animals were killed at d37.
found near growing nerve fibers, which is certainly true in amputation neuromas (Olsson, 1968; Nennesmo and Reinholt, 1986) . Moreover, axonal sprouting or neuronal hypertrophy should be seen in diseased tissues where mast cell hyperplasia has been recorded, namely, inflammation. Evidence for this is purely circumstantial, such as the neuronal hypertrophy in Crohn's disease, where the reported degree of mast cell hyperplasia and neuropeptide levels are variable (Ranlov et al., 1972; Rao, 1973; Lloyd et al., 1975; Pepys and Edwards, 1979; Bishop et al., 1980; Dollberg et al., 1980; Dvorak et al., 1980a,b; Sjolund et al., 1983; Koch et al., 1987 Koch et al., , 1988 . Even the close patterns of change of mast cell and nerve densities seen in the fibrosing appendix are only suggestive of this (Stead et al., 1990a) . In laboratory-reared rats the density of IMMCs is relatively low (~5 cells per villus/crypt unit) but is known to change significantly after infection with Nippostrongylus brasiliensis (Nb) (Befus and Bienenstock, 1979; Befus et al., 1979) . Infection with this nematode causes an initial decrease in the number of stainable mast cells, presumably due to degranulation, during an acute inflammatory phase with accompanying edema, epithelial changes, and some villus atrophy (Symons and Fairbaim, 1962) . Subsequently, after worm expulsion (at about 2 weeks postinfection), the acute inflammation subsides and a mast cell hyperplasia, which persists for several weeks, is observed. Many investigations have been done on this hyperplastic population, including our own work on the innervation of mucosal mast cells. However, we have not previously taken into account the fact that the mucosal innervation might also change during Nb infection. The current study was designed primarily to look for structural remodeling of nerves in Nb-infected rats and, secondarily, to determine if any such changes are temporally related to mast cell densities.
We employed immunocytochemistry for the characteristic neuronal markers neuron-specific enolase (NSE) and neurofilaments (NF), as well as for B-50 (GAP-43) a nerve growthassociated molecule found in relative abundance in regenerating nerves and areas of high synaptic plasticity (Benowitz and Routtenberg, 1987; Skene, 1989) . Mast cells were stained with Alcian blue at low pH in parallel sections. Electron microscopy was also utilized to evaluate the effect of inflammation on the mucosal nerves. Our data show extensive remodeling of B-50-and NSE-immunoreactive mucosal nerves after Nb infection. This consists of degeneration during the acute inflammatory phase and regeneration thereafter, which are coordinated with the phases of mast cell degranulation and subsequent hyperplasia. Moreover, in noninfected rats, we found extensive B-50 immunoreactivity of mucosal nerves and relative paucity of NF in this compartment, which invites the suggestion that the mucosal innervation might be continually modeling.
An abstract of these data was presented previously (Stead et al., 1990~) .
Materials and Methods

Animals
Male Lewis rats (Charles River Laboratories, Quebec, Canada) were housed in filter-topped cages and given food and water ad libitum. Two series of animals were infected subcutaneously with 2000-3000 stage L3 larvae of Nippostrongylus brasiliensis (Stead et al., 1987b) . Noninfected rats were killed at the start (experiment 1) or near the end (experiment 2) of the time course of the experiments (Table 1 ). All animals were killed with ether anesthesia and cervical dislocation before being promptly autopsied.
TissueJixation and processing
Light microscopy. Pieces of jejunum were opened and immersed in either acetic acid/ethanol (1:9; AA), or 10% neutral buffered formalin (NBF) (Stead et al., 1987b) . After 6-8 hr fixation, the NBF-fixed samples were transferred to 70% ethanol for 2 hr, and then all samples were processed to paraffin. Some blocks were embedded on edge, and others with the mucosal face down, to facilitate the production of longitudinal and cross sections of jejunal villi, respectively. Sections were cut at 2 pm, collected on aminopropyltriethoxysilane-coated slides (Bums et al., 1987 ) dried overnight at 45-50°C and used for immunocytochemistry within 1 week. Routine hematoxylin and eosin (H&E)-stained en face and transverse sections were prepared. From some animals, pieces of tongue were fixed and processed in parallel as positive controls for immunohistochemistry.
Electron microscopy. Small pieces of jejunum were opened and immersed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C. Tissues were fixed for 2 hr before 1 mm3 blocks were postfixed in osmium tetroxide, processed, and embedded in Spurr's resin with the mucosal face down to provide cross sections of the villi. Semithin sections were stained with 1% toluidine blue in 1% borax and examined to select areas for electron microscopy. Ultrathin sections (60 nm) were stained with uranyl acetate and lead citrate and examined in a Jeol 1200 EX transmission electron microscope.
Histochemistry
Sections from the AA-fixed blocks embedded en face were stained with 1% Alcian blue in 0.5 M HCl (AB0.5) for 2 hr. These were pre-and postrinsed in 0.5 M HCI to prevent background staining.
Immunocytochemistry AA-fixed sections were used for the localization of neuron-specific enolase and B-50 (GAP-43). Polvclonal rabbit anti-NSE (Dako, Cat. #A589, from Dimension Laboratories, Mississauga, Ontario, Canada) was diluted 1: 100 in Tris-buffered saline. DH 7.6 (TBS). containing 5% normal swine serum (TBSNSS), and then absorbed with 100 mg/ml of normal rat muscle and liver powders and demonstrated using the peroxidase anti-peroxidase (PAP) method (Stead et al., 1987b) . Affinity-purified rabbit anti-B-50 immunoglobulins, raised against purified rat B-50 (antiserum 8420) (Oestreicher and Gispen, 1986; Gorgels et al., 1989) were diluted 1:5000 in TBSNSS, applied overnight, and labeled using the Zymed streptavidin/biotin/peroxidase Histostain SP Kit (Dimension Laboratories) (Stead et al., 1989) . Both NBF-and AA-fixed tissues were used to locahze neurofilament subunits. Monoclonal antibodies NR4 (68 kDa). NN 18 ( 160 kDa). NE1 4 (nhosnhorvlated.
200 kDa). and N52 (phosphorylated and depdosphory~ted,~ 200<kDa) '(Shaw et al., 1986) , from Boehringer Mannheim, Montreal, Quebec, as well as 2F11 (70 and 200 kDa) from Dako, were diluted 1:5 (or greater in some experiments) in TBS/NSS containing 0.1% Triton-X.
These were applied overnight and detected using the Zymed streptavidin/biotin/peroxidase Histostain SP system. Negative control sections included substitution of the primary antiserum with an immunoglobuhn fraction of normal rabbit serum for the polyclonal anti-NSE and anti-B-50, and the use of diluent alone for the anti-NFs. Additionally, absorption of the anti-B-50 with homologous B-50 antigen (10 pg/ml) was performed. For all sections, peroxidase activity was demonstrated using aminoethylcarbazole.
Staining was not observed in any of the negative control sections.
Quantitation
All lightmicroscope determinations were made using a Videoplan image analysis system (Zeiss, Toronto, Ontario, Canada) with KONTRON software, version 5.4 1. Measurements were made either by examining the stained microscope slides directly, at the same time as viewing the illuminated cursor and digitizing tablet through a drawing tube, or from photographic transparencies. Magnification factors were determined by making multiple measurements of a micrometer slide or photomicrographs of this.
For the electron micrographs, an IBAS image analysis system (Reichert-Jung UK, Slough, England) was employed. The IBAS was operationally identical to the Videoplan, with the same software. Scaling for this was done by tracing the scale bars from 20 prints and deriving a mean.
Alciun blue stains. Mast cell density was determined at 100 x magnification using the drawing tube. A minimum of 10 cross sections of jejunal villi per animal were assessed by tracing the margins of the lamina propria with the automatic closure window set at 0.2 mm and counting the number of ABO.S-stained cell profiles in that area. The total mast cell count and integrated lamina propria area were used to determine a mast cell density for each animal.
B-50 (GAP-43) immunoreactivity. In order to standardize the staining of sections from different animal groups, sections from all rats in the first experiment were stained in a batch, as were sections from all animals in experiment 2. Three cross sections of villi were assessed in each slide, resulting in a total of nine villi per experimental time point. In some sections, some villi appeared dilated with a flattened epithelium and others looked normal; both types were included in the assessment.
The number, density, and area of nerve fibers were measured in the B-50 (GAP-43)stained slides at 1000 x magnification, using a drawing tube. The circumference of each nerve profile was traced with the automatic closure window set at 0.2 mm. The area of lamina propria was then determined at 100x magnification.
A total of 4792 nerve fibers from 83 villi in three animals from each experimental group were measured.
NSE immunoreuctivity. Slides from all animals in experiments 1 and 2 were stained together to minimize variability. The intensity and sharpness of staining of many of the nerve profiles in the NSE-immunostained slides was substantially less than for B-50. Consequently, the use of a drawing tube for measurement of nerve sizes was not practicable. Accordingly, color photomicrographs were prepared on transparency film using both 25 x and 40 x objectives. These were subsequently backprojected onto the Videoplan digitizing tablet, resulting in final magnifications of approximately 625 x and 1000 x . Three photomicrographs were prepared from each animal at the lower magnification, enabling entire villi to be contained in most instances, and five pictures were taken at the higher magnification.
A few of these photomicrographs were rejected from the subsequent analysis because of lack of contrast. The 25 x photographic transparencies were used to determine villous lamina propria areas and nerve numbers; nerve profile areas were measured in the 40 x slides.
Electron micrographs. After rejecting poorly oriented tissue blocks from toluidine blue-stained semithin sections, ultrathin sections were examined in the electron microscope and again screened for orientation. Only villi appearing in good cross section, without pseudostratification of the epithelium, were used for assessment of nerve areas. These villi were scanned through the binocular eyepieces at a nominal 3000x magnification (final magnification, 30,000 x), and all recognizable nerve profiles, except for those falling on grid bars, were photographed at 5000 x . This resulted in a total of 14 1 nerves being sampled in 28 villi from 18 blocks in 12 animals.
Prints were prepared at a final magnification of 12,500 x Each photograph was then analyzed using the IBAS. The micrographs were placed on the digitizing tablet, the circumferences of the nerves were traced, and the axons were counted. The morphometric parameters derived from this measurement procedure included area, ellipse factor, minimum diameter, maximum diameter, axon number, and axon density.
Analysis of data Nerve size classes. To assess the change in distribution of nerves after Nb infection, the nerve profile areas from B-50-stained slides were classified into three groups. These were derived by pooling the nerve areas of both control groups [day 0 (do) in experiment 1 and d37 in experiment 21 and determining their mean and standard deviation (SD). "Average" nerves were classified as those with areas within one SD of the mean; small and large nerves, as those lying outside of these boundaries. To determine if any new or separate populations of B-50-immunoreactive nerves emerged, MIX software (version 3.0; Ichthus Data Systems, Hamilton, Ontario, Canada) was employed. This program was written specifically for the analysis of mixtures of distributions (Macdonald and Pitcher, 1979) .
Trimming nerve areas. Estimates of the mean axon areas for each nerve were derived by division of the measured nerve area by axon number, without allowance for any nonaxonal component. For regression analysis, however, the measured nerve areas and axon counts were used, and these were "trimmed"
to remove outlying values that may have given an overassessment of the relationship between axon number and nerve area. This was done by excluding fibers with an ellipse factor of 0.33 or less (length : width ratio of more than 3: 1). Also, for regression only, to allow for slightly oblique sections, "probable" nerve areas were comuuted as the area of a circle based on the minimum fiber diameter (Weibel, 1979) .
Statisticalanalysis. The raw data were analyzed using MINITAB version 6.1 statistical software. Analvsis of variance (ANOVA) was emuloved to determine overall differences in the various nerve parameters over the time course of Nb infection. Rootogram analysis of the residuals from ANOVA was used to assess statistical normality ofthe data (Cleveland, 1988) . In all analyses performed, the values in a total of only three bins extended minimally beyond the boundaries. This was not considered significant enough to warrant the use of nonparametric statistics. For svecific comparison of d0 and d37 control animal arouvs. Student's t test-(two-sided; (Y = 5%) was employed. However, for multiple pairwise comparisons of data from infected and noninfected rats, we determined Tukey's wholly significant difference allowance (Dunnett and Goldsmith, 1989) using Studentized range tables for LY = 1% and o( = 5% (Miller, 198 1) . Linear regression (b), correlation coefficients (r), and coefficients of determination (r*) were also calculated.
Results
Morphological assessment of inflammation in experimental animals Histological changes. H&E-stained slides of control animals were unremarkable, but sections from Nb-infected animals showed characteristic pathological changes (Taliaferro and Sarles, 1939 ). An acute cellular infiltrate was observed in the jejunal mucosa of animals 7 d postinfection, with marked epithelial degeneration and crypt hyperplasia. At d10, variable degrees of villous atrophy were noted, with the epithelium frequently showing signs of regenerative hyperplasia. The lamina propria appeared even more distended after 2 weeks, containing a mixture of inflammatory cells including a few polymorphs, but the epithelium appeared within normal limits. The density of the cellular infiltrates gradually declined thereafter, being almost but not quite normal at d49. Nematodes were seen in the first three infected groups but were not noted after d14. Distribution of mast cells. AA-fixed sections stained with AB0.5 revealed several mast cells in the lamina propria in control animals, but these were only occasionally seen 7 and 10 d after infection. Mast cells were visible in the sections from animals killed 14 d or more after Nb infection, occupying a large part of the lamina propria at d 18 and d2 1. Thereafter, the density of IMMCs declined but was persistently greater than control animals.
Efect of inflammation on the gastrointestinal mucosal nerves Normal mucosal innervation. In routine transverse sections of the gut wall, NSE was found to label many nerve fibers through- out the mucosa, extending up to the tips of the villi, as well as nerve plexi in the submucosa and muscularis propria (Fig. la) , as reported previously (Stead et al., 1987b) . In comparison, NF immunoreactivity was sparse in the nerve networks in all layers of the gut wall, with only a few labeled mucosal fibers in the pericryptal lamina propria but none in the villi (Fig. lb) . This was seen with the anti-200 kDa NF clone NE14. The other monoclonal anti-NF antibodies (NR4, NN 18, N52,2Fll) gave less extensive staining, but all intensely stained nerves in the control sections of tongue. In contrast, B-50 (GAP-43) immunoreactivity (Fig. lc) appeared even more extensive than the NSE staining, with abundant sharply outlined fibers extending up to the tips of the intestinal villi, but nerve bundles in the tongue sections were not labeled.
Mucosal nerves in inflamed intestines. In sections showing villi in longitudinal section (as in Fig. l) , there was little apparent change in the pattern of innervation after Nb infection, except for some thickened B-50-and NSE-immunoreactive nerves in some villi in animals killed at d 10. To observe better any changes in the mucosal nerve fibers, we examined sections ofjejunum embedded en face, to produce cross sections of the leaf-shaped villi.
In these preparations, the densities of B-SO-NSE-immunoreactive mucosal nerves were clearly different but the patterns of changes for both of these antigens over the time course of inflammation were similar (Fig. 2) . In some villi from l-2 week postinfection animals, thickened nerves containing B-50 and NSE were prominent, and extraneuronal NSE staining was apparent. Subsequently, at about d 18-2 1, fine nerve fibers predominated, and these stained very weakly for NSE. The pattern of innervation in sections from animals 5 and 7 weeks after infection looked like controls, although increased nerve density was apparent in the d49 B-50 slides. Ultrastructural observations. NeNeS were readily identifiable in all grids examined. In control animals these sometimes appeared to be normal, consisting of variable numbers of axons with neurosecretory vesicles, microtubules, or fine filaments (Fig.  3a) , although such typical axonal components were often lacking. In comparison to control animals, striking ultrastructural differences were seen at d10, including disruption of the connective tissue matrix of the villous lamina propria and the presence of large, sometimes tortuous nerve profiles and phagocytelike cells adjacent to nerves (Fig. 3b-d) . There was also evidence of nerve degeneration, with some fibers containing myelin figures (Fig. 3d ) and other dilated axon-like profiles containing a particulate matrix, similar to degenerating axons described elsewhere (Asbury and Johnson, 1978) . Animals 24 and 49 d after infection also contained some larger nerve profiles and active phagocytes, although the lamina propria was not disrupted in these animals.
Quantitation of mucosal nerve remodeling
Comparison of d0 and d37 noninfected animals. Comparison of the d0 and d37 controls did not reveal statistically significant differences: B-50 nerve number, t ( 16) density, 5.1 + 0.3 fibers mm-2 (n = 18); NSE nerve density, 1 .O f 0.1 fibers mm-* (n = 30). Nerve number and density. These data are presented as the number of labeled nerves per villus (Fig. 4a) , as a measure of the absolute loss or gain of demonstrable nerve fibers, and as nerve density (Fig. 4b) , which takes into account the changing volume of the villi due to edema and cellular infiltration (the mean lamina propria cross-sectional area more than doubled from d0 to d10: 9.3 + 1.9 x lo3 pm2 vs. 23.0 + 6.6 x lo3 Mm2 in B-Xl-stained slides). The number of nerves labeled for B-50 was consistently greater than for NSE. In d0 controls, B-50 staining revealed more than four times the number of nerves per villus than did NSE (44.67 + 10.31 vs. 9.71 * 4.68; t(14) = 8.28; p < 0.0001).
In the NSE slides, the number of measurable nerves increased 2.5-fold by d10 postinfection (p < 0.01) and declined to approximately control numbers thereafter. The density of NSEimmunoreactive fibers decreased after infection, with the most significant reduction occurring at about 3 weeks (p < 0.05 at d24). In the B-50-stained slides there was an initial slight decline in the number of nerves per villus and a significant drop in density, being lowest at d 14 (JJ < 0.01). Compared with controls, nerves were increased in number in all groups over 3 weeks postinfection and increased in density 5 and 7 weeks after Nb. At d49, both of these were statistically significant (p < 0.05).
Mean nerve areas per villus. Determination of nerve areas in both NSE and B-50 preparations confirmed a significant, greater than twofold increase in mean nerve cross-sectional area at d 10 (mean pm2 per villus f SE: B-50: 4.74 + 0.37 at d0 vs. 11.11 + 0.91 at d10, p < 0.01; NSE: 1.71 f 0.20 at d0 vs. 5.13 + 0.30 at d10, p : 0.01). This then subsided, being lower than controls between d18 (3.36 + 0.11) and d35 (4.06 f 0.24) in the B-50 preparations, and between d24 (1.47 rt 0.22) and d49 (1.68 + 0.22) in the NSE slides, although these changes were not statistically significant. The d37 control mean nerve areas electron micrographs and determined the number of axons in were 5.08 f 0.21 pm2 for B-50 and 2.35 f 0.15 Km* for NSE. each nerve ( Table 2 ). The mean measured nerve area was found Measurement of electron micrographs. Since many nerves in to increase more than twofold 10 d after infection and was still postinfection animals appeared ultrastructurally within normal greater than controls at d24 and d49. This was statistically siglimits, we measured the cross-sectional areas of such fibers in nificant for d10 (p < 0.01) animals only. The number of axons c Figure 3 . Comparison of nerves in normal intestinal mucosa with dilated and degenerating profiles observed at d10 postinfection: electron micrographs showing cross sections of nerve fibers from a control rat (a) and animals killed at d10 (kf), representing several stages of degeneration. Relatively small axonal profiles are seen tightly bundled in a subepithelial nerve (A') in a compared with much larger axons in the nerve surrounded by disrupted lamina propria in b. In some nerves, both degenerating (*) and relative normal axons were seen (c). Many larger, tortuous fibers were also seen at d10 (d), containing dilated axons and myelin figures (**). Phagocytic cells (P) are also illustrated in b and c. These were often seen associated with nerves and prominent in postinfection animals, sometimes engulfing free axons. E, epithelium; LP, lamina propria. Magnification, 17,500x ; scale bar, 1 pm. Changes in mast cell density. Quantitation of the AB0.5 stains confirmed the loss of mast cells at d7-10 and revealed approximately five times more mast cells 18 d after infection than in control animals (p < 0.01; Fig. 5a ). This was followed by a gradual decline in mast cell number, although at the last time examined (d49), the mast cell density was still almost three times that seen in the noninfected animals. Fiber size distribution after Nb infection. When the B-50-immunoreactive nerve profiles were classified into three size groups (Fig. 5b) , the pattern of "large" nerves resembled the changes recorded for mean villus nerve area and nerve number per villus in the NSE slides. In contrast, there was an initial drop in the number of small nerve fibers followed by increased Nerve and axonal areas are given in pm2. One-way ANOVA of the differences in the parameters at different time points is shown at the bottom of the appropriate columns. Results of regression analysis of axon number per measured nerve area is included for each group of animals.
proportions after d14. Using the MIX program, up to three lognormal populations of nerves (classified into 0.4 Km2 bins) would fit the data, although a single lognormal population gave an acceptable fit for several time points (data not shown). Importantly, new populations could not be found in postinfection animals; however, populations of "small" nerves (mean area using mix -2 pm*) could be delined in both control and infected mucosae. These nerves were found to increase in proportion after 2 weeks postinfection (e.g., mean area f SE, proportion f SE for do: 1.73 + 0.56 pm2, 0.20 f 0.16; d18: 1.80 f 0.41 Hmz, 0.49 of: 0.22), which is consistent with the simplified classification shown in Figure 5 . We believe that the increased proportions of smaller profiles represent regenerating nerve fibers, which is consistent with the shift to smaller sizes seen in histograms of regenerating peripheral nerves (Hoffman et al., 1984; Kaar and Fraher, 1985; Frykman et al., 1988; Bunker and Friede, 1989; Oblinger et al., 1989) . Relationship between mast cell and nerve densities. A cursory comparison of the different parts of Figures 4 and 5 indicates that the overall changes of nerve density and number in B-SOor NSE-stained slides are not related to the mast cell distribution. However, a good positive correlation was determined between Alcian blue-stained mast cell and "small" B-50 nerve densities (r = 0.76, r2 = 0.60, p = O.OOS), and an equally good negative correlation was obtained for IMMCs and "large" B-50 nerves (r = -0.72, T* = 0.51, p = 0.013). Both the "average" and total B-50-containing nerve densities exhibited comparatively poor relationships (r = 0.21, rz = 0.05, p = 0.53 and r = 0.19, rZ = 0.03, p = 0.59, respectively).
is readily apparent in Figure 3 . Regression and correlation analysis of the axon numbers and nerve areas revealed that nerve fiber size was dependent upon axon density in all animal groups (r = 0.58-0.65; r2 = 0.34-0.42) but the regression coefficient, b, was three times larger at d10 than in controls (0.18; cf. 0.06), confirming the influence of an additional parameter, presumably axonal dilation.
Significant amounts of extraneuronal staining were seen in the dl0 NSE slides. This pattern was observed in repeated batches of slides but was not seen in any control animals or in animals at dl8 postinfection and beyond. We interpret this to represent NSE that had diffused out of damaged nerves. Ultrastructural examination ofanimals 10 dafter infection revealed many axons that were dilated and degenerate. Thus, the increased nerve areas measured in the B-50-and NSE-stained slides are related to degeneration and are not due to massive sprouting of axons during the acute phase of inflammation.
Discussion
Our data suggest two phases of intestinal mucosal nerve remodeling in rats infected with Nippostrongylus brasiliensis: (1) initial degeneration ofa proportion of the mucosal nerves, which occurs during the acute phase of inflammation; and (2) a subsequent reinnervation phase, which peaks at about 18 d and then gradually declines, but results in a higher density of innervation than in control animals. The evidence for this follows.
Sections from animals killed between d18 and d28 had predominantly smaller B-50-and NSE-immunoreactive processes within the lamina propria (Fig. 2) . During this phase the absolute number of nerves per villus was similar to controls in the NSEstained slides and equivalent to or slightly greater than controls in the B-50 preparations (Fig. 4a) ; however, the mean nerve areas were below control values in all B-50 and some NSE preparations. Subclassification of the nerve profiles (Fig. 5b) revealed a large increase in the proportion of small nerve fibers during this phase of Nb infection, as well as a reduction in the frequency of the large, presumed damaged, nerves. Distribution analysis with the MIX program also revealed increased proportions of a small nerve population during this phase, but MIX did not reveal an additional class of nerves. Although this type of morphometric assessment has not been used in the intestinal mucosa previously, and has mainly been applied to nerve-caliber changes during regeneration ofperipheral myelinated fibers, distributions showing a shift to smaller fibers are considered to represent nerve regeneration (Hoffman et al., 1984; Kaar and Fraher, 1985; Frykman et al., 1988; Bunker and Friede, 1989; Oblinger et al., 1989) . At d 10 postinfection there was an increase in the mean nerve
In the last two groups of animals examined (d35 and d49), area in both B-50 (GAP-43)-and NSE-stained slides, compared the pattern of innervation seen in the light microscope appeared with controls. Large nerve fibers accounted for more than half similar to controls; however, the density or number per villus of the B-50-immunoreactive profiles seen at this time (Fig. 5b) . of B-50-immunoreactive fibers was 30% greater at d49 than in A similar increase in mean nerve area was observed in the control animals killed at d37 (p < 0.05), suggesting an overshoot electron micrographs (Table 2) . However, the mean number of phenomenon. These data alone indicate that nerve growth (reaxons measured in nerves at different time points was very generation/sprouting) had occurred in Nb-infected rats. Fursimilar. It was therefore not surprising that the calculated axonal thermore, at d49 the density of NSE-immunoreactive nerves areas were much larger at d 10 than in controls (Table 2) , which had returned to control levels. Taking into account the earlier Quantitative analysis of the electron micrographs from animals 24 and 49 d after Nb infection resulted in mean nerve areas that were between those of d10 and control animals (although not statistically different from the noninfected group). However, the immunocytochemistry data suggest that the mean nerve areas at these times were less than or equal to controls. This discrepancy may be explained in terms of sampling differences. At the ultrastructural level, nerves were readily identifiable when they contained multiple axons or distinct organelles such as neurosecretory vesicles and/or microtubules, whereas small axonal sprouts admixed with numerous other cellular processes in the lamina propria could only occasionally be identified with confidence, especially in inflamed mucosae. Presumably, therefore, the electron micrographs represent larger nerve fibers, skewing the ultrastructural mean nerve areas to higher values.
It is not known if the nerves containing NSE and B-50 (or the axons present in these small fibers) are distinct or overlapping populations, nor what proportions of these are functional. The smaller numbers and areas of NSE-immunoreactive fibers might simply be due to low sensitivity of the technique used to localize this cytoplasmic enzyme, compared with intense labeling of the membrane-associated B-50. In fact, the clarity of NSE staining was poor, such that we had to use photographic transparencies (rather than a drawing tube) for measurement, which might also account for some of the differences between NSE and B-50 measurements. We think that the increased numbers of NSE-immunoreactive fibers seen in d7 and d10 postinfection animals can be similarly explained. Presumably, dilated nerve profiles were more readily detected, simply because of their greater size, although we cannot exclude the possibility of increased levels of NSE. NSE has previously been used as a measure of nerve growth by staining cell bodies in the spinal cord (Kirino et al., 1983) but it is not known if the levels of this enzyme change in degenerating or regenerating nerve fibers in vivo.
The differences between the data obtained for B-50 and NSE might be partially explained by the growth association of B-50 (GAP-43), if recently arrived axons contain little NSE but are strongly B-50 immunoreactive (Verhaagen et al., 1986; Tetzlaff et al., 1989) . However, since the number of B-50-stained nerves was more than four times the NSE number in control animals, this would imply ongoing nerve modeling. The enhanced expression of B-50 could include the formation of growth cones (Van Lookeren Campagne et al., 1989) and axonal sprouts, as in regenerating peripheral nerves (Skene, 1989; Tetzlaff et al., 1989) as well as nerves in the early stages of degeneration, as reported elsewhere (Verhaagen et al., 1988; Tetzlaffet al., 1989 ). An earlier report by McGuire et al. (1988) included an illustration of B-50 immunoreactivity of the intestinal mucosa, without indicating the age of the animal studied or discussing the result. However, this has recently been fully documented by Sharkey et al. (1990) , who also observed extensive B-50 immunoreactivity in normal rat intestines (as well as in human and ferret) and purified a substance with B-50-like electrophoretic characteristics from rat gut. These authors concluded that their findings were "consistent with a role for B-50 in the documented plasticity of the adult enteric nervous system."
It is interesting, then, that regenerating nerves are known to contain low levels of NFs (Hoffman, 1989; Tetzlaff and Bisby, 1989) and that only a few mucosal nerves were found to contain immunocytochemically detectable NFs in our study. This is consistent with earlier reports of only a proportion of mucosal nerves being demonstrated by silver stains (Schofield, 1968; Gabella, 1979) but in contrast to recent reports suggesting a more extensive distribution of NFs in the gut mucosa (Bjorklund et al., 1984; Bishop et al., 1985) . Nevertheless, the relative densities of NFs and B-50 in our control rats suggest that the intestinal mucosal innervation may be in a state of ongoing modeling in normal animals.
The presumed degeneration and regeneration of the mucosal innervation can be temporally related to the recognized inflammatory changes during this nematode infection. We specifically looked at the mast cell population because of the known persistence of the associations of IMMCs and mucosal nerves in normal and diseased intestines (Stead et al., 1987b (Stead et al., , 1989 (Stead et al., , 1990a . Hypothesizing that IMMCs might be innervated (Stead et al., 1990b) , we predicted that a change in the density of this cell type would be accompanied by parallel changes of the local innervation (or vice versa), since this is known to apply to classical nerve/target relationships, such as voluntary muscle, as well as in the autonomic nervous system (Brown et al., 198 1; Purves et al., 1988) . Comparison of Figures 4 and 5 suggests that overall changes in nerve and mast cell densities are not related, which was confirmed by correlation analysis of the total B-50 population and IMMCs (r = 0.19); however, good correlations were determined for both "large" (r = -0.72) and "small" (r = 0.76) B-50-immunoreactive nerves and mast cells. Differences between the patterns of change of IMMC and nerves (Fig. 5) could be due to increased proportions of immature and/ or degranulated (and therefore unstained) IMMC during the acute inflammatory phase, especially at d14, the time of worm expulsion (Woodbury et al., 1984) . Moreover, any trophic/tropit relationships between mast cells and nerves would likely be due to the release of regulatory factors, not only the relative densities of these two mucosal components. Thus, our data suggest nerve damage at the time of mast cell degranulation and reinnervation occurring in parallel with the increased IMMC numbers, although we have no evidence that these are connected.
That the Alcian blue stains were negative at d 10, when granulated mast cells were not found in the electron microscope (data not shown), is an indicator of IMMC activation. At this time, extensive disruption of the extracellular matrix was also noted. Activation of IMMCs by antigen is known to cause the release of RMCP II, which acts directly on type IV collagen found in basement membranes (Woodbury et al., 1984; Patrick et al., 1988) . Within the lamina propria, this includes subepithelial and perineural laminae. Mast cell-derived proteases may therefore be partially responsible for disruption of the mucosal nerve fibers and consequent degeneration. Macrophage or phagocytic activity was also prominent in the electron microscope in the d 10 postinfection animals, which is consistent with the previously recorded peak in the number of monocytes/macrophages at this time (Befus et al., 1984) . Phagocyte-like cells were often seen adjacent to nerves at d 10 and may be involved in the remodeling of these fibers.
It is unclear if the observed regenerative changes are a direct, reactive consequence of the preceding degeneration or if locally produced factors are required. Whatever the stimulus for regeneration, if this was repetitive, ongoing remodeling (or simply modeling) might result. Since the "normal" intestinal mucosa contains significant numbers of chronic inflammatory cells, we speculate that mild, persistent inflammation perpetuates ongoing modeling of mucosal nerve fibers. Candidate mediators of this would include factors that act on both the immune and nervous systems. For example, the interleukins ILl, IL2, IL3, and IL6, which have a diverse array of effects on inflammatory cell populations, have all been shown to affect nerve growth (Lindholm et al., 1987; Satoh et al., 1988; Haugen and Letourneau, 1990; Kamegai et al., 1990 ) and 2.5s NGF induces proliferation in spleen mononuclear cell populations in vitro (Thorpe and Perez-Polo, 1987 ) and causes mast cell hyperplasia in vivo (Aloe and Levi-Montalcini, 1977; Stead et al., 1987a) , in addition to its well-described actions on nerves (Levi-Montalcini, 1987) . Since more rapid nerve regeneration can be induced by repeated insults (McQuarrie and Grafstein, 1973; McQuarrie, 1988) ongoing modeling of the mucosal innervation could also be partly conditioned.
It is well known that the inflammatory process involves the influx and proliferation of various immune cell types; however, little consideration has been given to the possibility of changes in nerve density in an inflammatory focus. If nerve degeneration does occur as part of a transient pathological process in the gut, the mucosa must subsequently be reinnervated, in order for normal function to be restored. There are several reports of axonal degeneration in both human and rodent intestines, and thickened submucosal nerves are observed in intestinal resections from patients with Crohn's disease (Bishop et al., 1980; Dvorak et al., 1980b; Sjolund et al., 1983; Yonei, 1987; Griffin et al., 1988; DeSchryver-Kecskemeti and Clouse, 1989; Di Giulio et al., 1989; Stead et al., 1989; Frantzides et al., 1990) ; however, we are not aware of any reports of nerve sprouting per se in an inflammatory situation in the gut. Our data suggest that nerve degeneration occurs predominantly during an acute inflammatory phase in Nb-infected rats and that regeneration follows this. Additional studies are required to determine the mechanisms of nerve remodeling and if the mast cell is an important target or regulatory influence in this situation.
